The betaproteobacterium Burkholderia cenocepacia, 1 of now 17 classified species belonging to the Burkholderia cepacia complex (BCC), is ubiquitous and extremely versatile in its metabolic capabilities and interactions with other organisms (38, 40, 57, 58) . Strains of B. cenocepacia are pathogens of onion and banana plants, opportunistic pathogens of humans, symbionts of numerous plant rhizospheres, contaminants of pharmaceutical and industrial products, and inhabitants of soil and surface waters (14, 29, 33, 34, 37, 45) . Originally described as a pathogen of onions (8) , organisms of the BCC emerged in the past 3 decades as serious human pathogens, capable of causing devastating chronic lung infections in persons with cystic fibrosis (CF) or chronic granulomatous disease (21, 24, 28) . Infections due to BCC are a serious concern to CF patients due to their inherent antibiotic resistance and high potential for patient-to-patient transmission (23) . Although 16 of the BCC species have been recovered from respiratory secretions of CF patients in many countries (46, 58) , B. cenocepacia has been the most common species isolated in North America, detected in 50% of 606, 83% of 447, and 45.6% of 1,218 patients in recent studies (35, 46, 52) .
The epidemiology of infectious disease caused by B. cenocepacia appears to involve patient-to-patient spread of genetically distinct lineages. B. cenocepacia lineages, such as ET12, Midwest, and PHDC, have been identified from large numbers of individuals in disease outbreaks in North America and Europe (11, 32, 54) . A recently developed multilocus sequence typing (MLST) scheme has been shown to be a reliable epidemiologic tool for differentiating between the five subgroups (IIIA to IIIE) of B. cenocepacia, and strains representing three of these subgroups (IIIA, IIIB, and IIID) have been recovered from CF patients (2) . Outside of the patient-to-patient transmission of clonal lineages, the mode of acquisition of strains causing sporadic cases of B. cenocepacia in CF patients remains unclear, although environmental sources are a logical reservoir for infection. Previously, an isolate of B. cenocepacia indistinguishable from the PHDC epidemic clonal lineage by using standard typing methods (e.g., repetitive-sequence-based PCR, randomly amplified polymorphic DNA, pulsed-field gel electrophoresis) was detected in an agricultural soil sample (34) . Similarly, three distinct MLST sequence types containing both clinical and environmental (plant and soil) B. cenocepacia isolates were identified (1) . These findings suggest that natural populations of B. cenocepacia in soil or associated with plants are a potential reservoir for the emergence of new human pathogenic lineages.
Experimental models for the study of virulence potential and traits of B. cenocepacia include mouse and rat models with genetic defects allowing chronic lung infections to be established (e.g., see reference 48) . Nematode (Caenorhabditis elegans), alfalfa (Medicago sativa), and onion (Allium cepa) models have also been routinely utilized for the identification of virulence factors (5, 29, 31) . C. elegans has been extensively used to study the pathogenesis and virulence factors of a wide variety of bacterial and fungal pathogens (9, 15, 42, 51, 56) . In several pathogens, including Pseudomonas (56) and Burkholderia (20) , putative virulence factors important for the pathogenesis in mammalian systems (15, 51) have been identified using the C. elegans model. The C. elegans model might be limited in the detection of host-specific virulence factors; however, several attributes, such as small size and rapid development, make it an excellent whole animal model for pathogenesis research (16, 51) .
The evidence that individual strains of B. cenocepacia can be pathogenic to both plants and humans and are prevalent in various environmental niches has provoked particular interest in elucidating the clinical pathogenic potential of environmental isolates. The basis of this study was to examine whether genetically related B. cenocepacia strains exhibit shared characteristics that contribute to their pathogenicity in multiple hosts and to examine the potential for circulating environmental isolates to emerge as new clinical pathogens. Here, we tested the degree of virulence in animal (nematode) and plant (onion) infection models, the production of antifungal activity, and the genetic relatedness of clinical and environmental B. cenocepacia subgroup IIIB strains predominantly isolated from Michigan.
MATERIALS AND METHODS
Bacterial strains, nematode strains, and growth conditions. The 56 BCC strains utilized in this study are listed in Table 1 . Among the 54 B. cenocepacia strains were 29 clinical isolates that were isolated from 29 persons with CF in Michigan and Ohio between 1987 and 2000 (11 of which were previously identified as being members of the Midwest clonal lineage [13] ), 13 recent clinical isolates from North America and Europe that were genotyped as distinct from members of the Midwest clonal lineage, and 12 environmental isolates collected from the onion or maize rhizosphere or onion field soil in Michigan and New York. All B. cenocepacia strains were routinely cultured on either King's medium B (KB) (30) , lysogeny broth (LB) (41), Todd-Hewitt broth, or Mueller-Hinton II medium (Becton Dickinson, Franklin Lakes, NJ) at 37°C for clinical isolates and at 28°C for environmental isolates. The remaining two strains included the environmental isolates Burkholderia cepacia ATCC 25416 and Burkholderia ambifaria AMMD, which were used as controls.
Strain selection and genotypic characterization. Previously published oligonucleotide primers and PCR conditions were used in the genotypic analyses of all 56 Burkholderia strains (Table 2 ). To confirm isolates as members of the BCC, we performed PCR on bacterial cell lysates by using primers that amplify a 320-bp region of the 16S rRNA gene (3, 45) . Species assignments were made based on the restriction fragment length polymorphism (RFLP) analysis of an amplified 1,040-bp fragment of the recA gene, followed by digestion with the restriction enzymes HaeIII and MnlI (38, 45) . The final B. cenocepacia strain set utilized in this study included mostly isolates belonging to the IIIB subgroup (n ϭ 52), with a high representation of isolates of the Midwest epidemic lineage (n ϭ 29), and isolates belonging to the IIIA subgroup (n ϭ 2).
In addition to the recA genotypic analysis involved with the initial selection of isolates, PCR was used to evaluate the presence of certain virulence factors associated with infection in various hosts. The gene targets for PCR included the esmR epidemic strain marker which encodes a putative regulatory gene within a 31.7-kb pathogenicity island (39); the plasmid-borne pehA gene which encodes endopolygalacturonase, a degradative enzyme required for maceration of onion tissue (22) ; and the prnD gene encoding an enzyme involved in the biosynthesis of pyrrolnitrin, a compound with broad-spectrum antifungal activity (18) .
MLST. An established MLST system (2) was applied to all 56 BCC strains by amplifying and sequencing PCR fragments from the following housekeeping genes: atpD (ATP synthase beta chain), gltB (glutamate synthase large subunit), gyrB (DNA gyrase subunit B), lepA (GTP binding protein), phaC (acetoacetyl coenzyme A reductase), recA (recombinase A), and trpB (tryptophan synthase subunit B). In brief, genomic DNA used for PCR amplification of the seven MLST genes was isolated from overnight cultures grown in Mueller-Hinton II broth, using the Purgene DNA isolation kit (Gentra Systems Inc., Minneapolis, MN). PCR products were purified using the QIAquick PCR purification kit (Qiagen Inc., Valencia, CA), and sequencing reactions were prepared according to the GenomeLab Dye terminator cycle sequencing quick start kit protocol (Beckman Coulter Inc., Fullerton, CA). For the environmental isolates, a modified trpB forward sequencing primer was used, due to observed ambiguities in the primer site of these strains (Table 2) . Sequencing reactions were separated on a CEQ2000XL DNA sequencer (Beckman Coulter Inc.), and sequences were analyzed using the CEQ2000XL software and then exported for editing in the SeqMan module of Lasergene (DNASTAR Inc., Madison, WI). The BCC MLST webpage (http://pubmlst.org/bcc/) was used for allele and sequence type (ST) assignments (2); any isolates containing new alleles or new allelic profiles were submitted to the PubMLST database and subsequently given ST designations by the database curator.
Phylogenetic and sequence analyses. The MEGA4 software package was used to create bootstrap (1,000 replicates) neighbor-joining trees of the MLST sequence data, based on the p-distance model (55) . The neighbor-net algorithm in the SplitsTree 4 software (27) was used to create phylogenetic networks from the MLST sequences. To test for the role of past recombination in generating allelic variation, the pairwise homoplasy index (Phi) was calculated using SplitsTree 4 (7, 27) .
The contribution of natural selection on allelic variation was inferred from the number of synonymous substitutions per synonymous site (d S ) and the number of nonsynonymous substitutions per nonsynonymous site (d N ) estimated by the modified Nei-Gojobori method using MEGA4 (55) . In addition, allelic sequences were fit to a nucleotide substitution model, and the single likelihood ancestor counting (SLAC) method (http://www.datamonkey.org/) was used to estimate the ratio of d N /d S with a 95% confidence interval and to determine selective pressures acting on the individual codons (44) .
Onion pathogenesis assays. Assays to determine pathogenicity of B. cenocepacia isolates in an onion plant model were performed as previously described (29) . Briefly, individual quartered onion scales were wounded on the interior surface with a sterile pipette tip (1-to 200-l volume), and 5 l of a bacterial suspension (10 7 CFU/ml) was inoculated into the wound. Onion scales were incubated at 30°C for 48 h, after which the degree of maceration was estimated by probing the onion tissue with a toothpick. A visual rating scale of 0 to 3 was used to indicate the area of affected plant tissue exhibiting water-soaking symptoms, or water-soaking symptoms together with maceration symptoms. The rating scale was applied as follows: 0 indicated water-soaking without maceration, 1 indicated 1% to 33% macerated tissue, 2 indicated 34% to 66% macerated tissue, and 3 indicated 67% to 100% macerated tissue. Onion pathogenicity assays were conducted with each isolate, in two or more independent experiments with a minimum of six replications. Experimental negative controls consisted of no wounding and inoculation with the onion-pathogenic control strain B. cepacia ATCC 25416 (no. 55), wounding and no inoculation, and wounding and inoculation with sterile KB broth. The positive control consisted of wounding followed by inoculation with B. cepacia strain ATCC 25416 (no. 55).
Fungal antibiosis assays. The ability of B. cenocepacia strains to inhibit the growth of the fungus Rhizoctonia solani AG4 was determined in a plate assay. Bacteria were grown overnight in KB broth cultures and then spotted (2 l) in quadruplicate onto a potato dextrose agar (Sigma Chemical Co., St. Louis, MO) plate. A grid map was used to spot the bacteria in a square pattern, and the bacteria were incubated at 37°C (clinical isolates) or 28°C (environmental isolates) for 48 h. A 7-mm plug of R. solani AG4 (obtained from W. Kirk) was inoculated onto the potato dextrose agar plate in a central location equidistant from each bacterial inoculum spot. The plates were incubated for 96 h at 25°C, after which growth of the fungus was assessed visually. A rating scale was developed to qualitatively determine the extent of fungal inhibition. Three independent experiments with four replicates per experiment were performed with each B. cenocepacia isolate. Positive and negative control strains in this experiment were B. ambifaria AMMD (no. 56), a known biological control strain with antifungal properties, and an R. solani AG4 strain inoculated alone without bacteria, respectively. The nematode pathogenicity bioassays were conducted on nematode growth medium (NGM) and peptone glucose sorbitol (PGS) medium, which promotes slow and fast killing, respectively, in P. aeruginosa (56) . The known CF pathogen P. aeruginosa PA14 (56) was used as a positive control, and E. coli OP50, a food source for C. elegans (6) , served as the negative control. Routinely, the nematodes were maintained on lawns of E. coli OP50 on NGM plates (53) at 15°C. Prior to the bioassays, the nematodes were synchronized by collecting eggs from the gravid nematodes, using bleach-alkali solution. The eggs were then seeded onto the lawns of E. coli OP50 on NGM plates, incubated at 25°C for 36 to 38 h, after which the early fourth larval stage (L4 stage) of nematode was used for the pathogenicity assays.
The bacterial isolates were cultured from the freezer stocks on LB and incubated overnight at 37°C. Liquid cultures were grown in LB for 14 to 16 h at 37°C, shaking at 250 rpm. Seventy-five microliters of these liquid cultures were spread onto 60-by 15-mm petri plates containing NGM or PGS medium and incubated at 37°C for 16 to 18 h. Forty to sixty early-L4-stage C. elegans nematodes were added to the plates containing bacterial lawns, and the number of survivors after 3 days and 7 days was determined as those moving or responding to touch. Three independent experiments consisting of three replicates were performed.
The nematode killing data for each isolate obtained from the described assays were analyzed for variance by analysis of variance, and Tukey's honestly significant difference test was used to compare the means at a P value of 0.01. To estimate the pathogenicity of the isolates from the nematode survival data on NGM and PGS medium at 3 days and 7 days more broadly, a composite survival score (CSS) was calculated by a mixed model, using SAS statistical software (SAS Institute Inc., Cary, NC), which assumed the following: nematode survival ϭ intercept ϩ a ϫ batch ϩ b ϫ medium ϩ c ϫ bacteria ϩ d ϫ day ϩ error, where a, b, c, and d were respective constants; bacteria, day, and media were considered the fixed effects; and the replicates (batch) were considered the random effects. Each isolate was compared to E. coli OP50, for calculation of a CSS, and to each of the other isolates by using Tukey-Kramer adjustment to determine significant differences between the isolates (P Ͻ 0.0001). MLST and phylogenetic analyses. MLST analysis of the 56 BCC strains represented in this study resolved 23 distinct combinations of alleles or STs. The neighbor-joining phylogenetic tree revealed a distinct cluster (Ͼ80% bootstrap support) containing 11 environmental isolates recovered from onion fields (no. 1, 3 to 11, and 13, which are STs 122, 125, 427 to 430, and 467) and two clinical isolates, including the PHDC epidemic clone strain AU1054 (no. 12; ST-122) (Fig. 1A) . One environmental isolate, MCO-3 (no. 15), isolated from the maize rhizosphere in Michigan, resided outside of this main cluster and matched the known clinical and environmental genotype ST-281. The ST-40 clones (no. 18 to 45), known as the Midwest epidemic lineage, revealed a minor allelic variant, ST-249 (no. 46), which was isolated from a CF patient in Michigan, and another closely related ST, ST-435 (no. 47), was isolated from a CF patient in Texas (Fig. 1A) . Overall, the neighbor-joining phylogenetic analysis confirmed the close relatedness among B. cenocepacia IIIB strains; however, relatively few significant groupings were observed between strains, as indicated by the low bootstrap values (values of Ͼ50% are shown in Fig. 1A) .
RESULTS

Genetic analyses of isolates. All 56
We investigated the possibility that recombination was the underlying reason for the weak phylogenetic relationships among strains by using neighbor-net phylogenetic analysis and the Phi test for genetic recombination. In contrast to the neighbor-joining trees we generated, the neighbor-net analysis does not restrict the sequence data into a typical bifurcating tree, but allows for multiple paths of recurrent mutation and recombination in the generation of new STs. A high degree of reticulation indicative of recombination was observed among the B. cenocepacia IIIB strains, confirming the conflicting phylogenies observed in the neighbor-joining tree (Fig. 1B) . The Phi test result for genetic recombination among the 23 STs was highly significant (P Ͻ 0.001), suggesting that the genetic diversity observed between B. cenocepacia IIIB isolates likely resulted from recombination, parallel mutations, or lateral gene transfer events (13) .
Distribution of sequence types. Among the 23 STs identified through MLST, 11 STs were novel variants identified in this study, 5 of which were Michigan environmental isolates (STs 427 to 430 and 467) ( Fig. 1A and B ; Table 1 ). Two of the B. (Table 3 ). The number of nonsynonymous substitutions (d N ) was lower overall, with an average of 0.14% for the seven MLST loci, and ranged from 0.02% for phaC to 0.50% for gyrB (Table 3 ). The ratio of d N /d S found using SLAC analysis was high for both gltB (d N /d S ϭ 10.20) and gyrB (d N /d S ϭ 7.14), while the remaining MLST genes contained d N /d S ratios below 0.1, which is typically observed for conserved MLST genes (Table 3 ; Fig. 2 ). These findings suggest that gltB and gyrB are not evolving under the same evolutionary pressures as the other five MLST loci and may impact the phylogenetic inferences in B. cenocepacia. Although omitting these genes from the phylogenetic analysis did not change the major grouping of strains, due to the behavior of these genes and the amount of recombination observed, precaution was used in making strong evolutionary conclusions. In addition, the SLAC analysis was used to test the selective pressures (e.g., positive, negative, or neutral) acting on individual codon sites within the seven MLST genes. Sixteen negatively selected codon sites (two in atpD, two in lepA, four in recA, and eight in trpB) and one positively selected codon site in gyrB were identified. Surprisingly, the sequenced gltB gene fragment was interrupted by an in-frame stop codon within 6 of the 12 allelic variants which are likely to render this gene nonfunctional in these strains. These findings also indicate that the current seven MLST genes may not be the most appropriate housekeeping genes for phylogenetic analysis; however, the established MLST system has been proven reliable in differentiating Burkholderia isolates.
Onion pathogenesis assays. The 54 B. cenocepacia strains examined in this study were easily distinguishable in pathogenicity to onions. Strains originally isolated from the onion rhizosphere or onion field soil (e.g., no. 1 and 3 to 11) were all pathogenic to onions and capable of causing water-soaking and maceration of onion tissue in the assays (Fig. 3) . Ratings of 2 or 3, differentiated by the degree of onion tissue maceration, were given to all onion-associated strains and to the control onion pathogen strain B. cepacia ATCC 25416 (no. 55). The environmental strain MCO-3 (no. 15), which was isolated from the maize rhizosphere, was not pathogenic to onions and did not carry the pehA gene. The clinical isolate AU1054 (no. 12), which shared the same genotype (ST-122) as the onion rhizosphere or onion field soil isolates 6RT130 (no. 10) and 6RT131 (no. 11), also was pathogenic to onions, having a rating of 3. All other clinical isolates (e.g., no. 14 and 16 to 54), except for AU10310 (no. 2) and CF38 (no. 34), had values of N for a null reaction or 0 for a small area of water-soaked tissue. All isolates capable of causing onion tissue maceration, except for CF38, harbored the pehA gene, as assessed by PCR (Fig. 3B) .
Fungal antibiosis assays. Five distinct patterns of inhibition of the fungus R. solani AG4 were observed when challenged by B. cenocepacia isolates (Fig. 4A) . If we observed no inhibition of the fungus, a rating of 0 was assigned. Four other distinct qualitative zones of inhibition were observed and designated ratings of 1 through 4. The control strain, B. ambifaria AMMD (no. 56), a known antifungal biological control agent, exhibited significant inhibition of growth of R. solani AG4 and had a rating of 4 (Fig. 4B ). All isolates originally recovered from the onion rhizosphere or onion field soil (no. 1 and 3 to 11) inhibited growth of R. solani AG4 to a moderate degree and exhibited average antifungal ratings of Ն2. 25] ). The presence of the prnD gene required for synthesis of the antifungal compound pyrrolnitrin was not correlated with antifungal activity against R. solani AG4, as seven out of nine strains with the high antifungal ratings did not harbor prnD, and prnD was detected in six out of eight strains with low antifungal activity (Fig. 4B) .
Nematode pathogenesis assays. Nematode pathogenesis assays were conducted on bacterial lawns grown on two different media, NGM and PGS, for which P. aeruginosa PA14 exhibits slow or fast killing, respectively. Thus, the number of surviving nematodes was counted at 3 and 7 days after nematodes were added.
Most STs (17 out of 23), consisting of 23 environmental and clinical strains (e.g., no. 1 to 16), exhibited rapid nematode killing on NGM. A significant reduction (P Ͻ 0.01) in nematode survival was observed for these strains (Ͻ20%) at 3 days compared to the 33.8% survival for PA14 ( Fig. 5A ; also see Table S1 in the supplemental material). Later, at day 7, few or no nematodes survived (Ͻ1.3%) on the lawns of these 23 strains or on PA14 (0.15%). In contrast, nematode virulence exhibited by the 28 clinical strains (no. 18 to 45) of the Midwest lineage (ST-40) on NGM at day 3 was variable and on average moderate, with 80.9% nematode survival. For example, five strains, AU0279 (no. 18), AU0418 (no. 25), CF51 (no. 37), CF157 (no. 39), and MDCH2 (no. 41), exhibited nematode survival similar to that of the negative control strain, E. coli OP50 (95.5%), at day 3, whereas 23 other ST-40 strains exhibited significantly less nematode survival on day 3 (54.1 to 87%) than did E. coli OP50 ( Fig. 5A ; see also Table S1 in the supplemental material). Later, at day 7, two ST-40 strains, AU0281 (no. 20) and AU0284 (no. 22), exhibited a slow-kill reaction where nematode survival on day 7 (Ͻ11%) was much lower than on day 3 (81.3 to 85%). Twenty-two ST-40 strains exhibited a modest slow-kill reaction and decreased nematode survival by Ͼ20% from day 3 to day 7. However, three ST-40 strains, CF2 (no. 30), CF157 (no. 39), and CF160 (no. 40), exhibited low or no nematode virulence (Ͼ80% survival) on day 7, similar to the negative control OP50. In summary, most STs exhibited fast nematode killing on NGM (on which PA14 kills slowly), but a more modest and variable virulence was observed for ST-40 clinical strains. On the high-osmolarity PGS medium, most BCC strains (46 out of 56 strains) and PA14 exhibited fast killing ( Fig. 5A and  B ; also see Table S1 in the supplemental material). Twenty-six BCC strains (e.g., no. 3 to 16 and 19 to 21) exhibited 0 to 26.9% nematode survival at day 3 on PGS medium, of which 16 strains representing 13/23 STs resulted in survival similar (P Ͻ 0.01) to that of the positive control, PA14 (2.4%). At day 7 on PGS medium, when few or no nematodes survived on most strains, Ͼ64% of worms survived on three strains, AU0419 (no. 26; ST-40), CF160 (no. 40; ST-40), and AU2289 (no. 46; ST-249). Eight ST-40 Midwest lineage strains showed high virulence to nematodes, similar to PA14, at day 3, whereas the remaining ST-40 strains showed 10% to 78% nematode survival. Strains AU0279 (no. 18) and CF20 (no. 32) exhibited slow killing on PGS medium, where Ͼ20% nematodes were killed between days 3 and 7. In summary, most BCC strains killed nematodes fast on PGS medium, including some of the ST-40 strains that failed to kill on NGM. An exception is the ST-40 strain AU0419 (no. 40) that failed to kill nematodes on both NGM and PGS medium.
To quantify the overall virulence of bacterial strains to nematodes on two different media and time points, we calculated a CSS. The CSS values were negative, indicating decreased worm survival compared to that of the negative control strain, OP50 (P Ͻ 0.0001). A large negative CSS value indicates low nematode survival and high virulence ( Fig. 5C ; see also Table S1 in the supplemental material). Overall virulence of the BCC strains to nematodes clustered into three groups: high virulence (CSS Ͻ Ϫ66), moderate virulence (CSS from Ϫ66 to Ϫ33), and low virulence (CSS Ͼ Ϫ33). Most of the STs exhibited high virulence to nematodes, as evidenced by the observation that 25 clinical and environmental strains (e.g., no. Table S1 in the supplemental material). In summary, most STs represented in this study exhibited high virulence to nematodes, while different ST-40 clinical strains exhibited low, moderate, or high virulence.
Overall, most of the tested BCC strains were more virulent to nematodes than was PA14 on NGM and showed high pathogenicity by exhibiting Ͻ20% survival on both media at day 3. This is supported by the CSS analysis results, which showed that strains representing 19 out of 23 STs clustered into the high-virulence group with CSS values of ϽϪ66. Midwest lineage ST-40 strains showed moderate or low pathogenicity to the nematodes and displayed strain-specific variability in the virulence characteristics.
DISCUSSION
The objectives of this study were to determine phylogenetic relationships and survey virulence potential of clinical and environmental isolates of B. cenocepacia. The species B. cenocepacia is an ideal organism to study opportunistic pathogenicity, because it is ubiquitous in the environment, including Michigan onion agricultural fields (29) ; includes the Midwest epidemic clone still present in Michigan CF patients (13); and carries large multireplicon genomes, several which have been sequenced (40) . From this study, we determined that most B. cenocepacia STs and strains exhibited multihost pathogenicity against C. elegans nematodes and the fungus R. solani AG4. The characteristic of onion pathogenicity differentiated two groups of genetically related strains. Surprisingly, because of the prevalence of onion agriculture in Michigan and elsewhere in the Midwest, all but one of the Midwest epidemic clone strains and 12 other related STs isolated from sporadic infections from persons with CF lacked pathogenicity to onion. It is possible that onion agriculture is not a source for these Midwest clinical STs or that onion pathogenicity is lost after human infection. Thus, it remains to be determined what the environmental source of the Midwest epidemic clone is and why the PHDC epidemic clone found in environmental isolates from Michigan is not appearing in persons with CF in the Midwest.
MLST analysis revealed a high degree of nucleotide variability among the B. cenocepacia IIIB strains evaluated in this study, particularly among the Michigan agricultural strains. All of the onion isolates clustered together, and several new STs were identified. Two distinct STs, ST-122 and ST-125, included both clinical and onion isolates. Interestingly, B. cenocepacia ST-125 was also recovered from the maize rhizosphere in southern Italy (14) , and ST-122 has been isolated from soil in New York and from CF and non-CF patients in the United States and Canada, respectively (1) The current MLST system has been shown to be a reliable method for the identification of Burkholderia isolates (2). However, due to the complexity of the Burkholderia genome and the high degree of recombination observed between strains, the current MLST system using only seven genes does not provide a solid framework for uncovering evolutionary relationships. As indicated by SLAC analysis performed in this study, gltB and gyrB MLST loci appear to be evolving at different rates on the chromosomal backbone; therefore, these genes should be used with caution when making phylogenetic inferences for Burkholderia. Increasing the number of MLST loci used for phylogenetic inferences or developing a more sensitive method (i.e., single nucleotide polymorphism typing) may improve the resolution of the phylogenetic relationships of strains belonging to the BCC. In addition, the differences in pathogenicity to nematodes and antifungal activity exhibited by some ST-40 strains (discussed below) suggest that caution should be used when inferring phenotypic traits and virulence potential from MLST analysis results.
In general, pathogenicity to onion was correlated with the source from which the strains were isolated and the presence of the pehA gene encoding endopolygalacturonase. Onion pathogenicity and pehA were both absent in 41 isolates representing 14 STs mostly isolated from CF patients, while a related group consisting of 13 isolates representing seven STs from onion field soil or rhizosphere (except AU1054 [no. 12]) were pathogenic to onion and contained pehA. The characteristic of onion pathogenicity and the presence of the pehA gene could be explained by acquisition of pehA by onion isolates or the loss of ancestral pehA from most clinical isolates. Onion pathogenicity of 475 of 623 B. ambifaria isolates (a BCC species member that is usually avirulent in onions) obtained from onion fields suggests that acquisition of pehA can occur in the onion rhizosphere (29) .
High to moderate virulence to nematodes and antifungal activity were pathogenic characteristics demonstrated by most strains in our BCC strain collection, with notable exceptions. Many of the strains exhibited high nematode virulence with lower CSSs (e.g., AU1054 [no. 12], CSS ϭ Ϫ91) than those of P. aeruginosa PA14, primarily due to lower nematode survival after day 3 (e.g., 0% for AU1054) on NGM compared to that on PA14 (34%). The fast killing of nematodes on NGM could result from a more systemic or intense infection of the nematode intestine, increased production of toxic compounds on NGM compared to that on PA14, or production of virulence factors or toxic metabolites more lethal to the nematode than those produced by PA14.
Fast killing on PGS medium by certain strains of P. aeruginosa (e.g., PA01) requires the production of cyanide (19) . We assayed for cyanide production by using a colorimetric assay (10) , in which a blue color is formed in the presence of cyanide. Cyanide production was not detected in 48-h lawns of AU1054 (no. 12) on LB and was detected in cyanogenic P. aeruginosa PA01 under the same conditions (data not shown). Recently, cyanide production was detected in B. cenocepacia grown on LB at levels comparable to those detected in PA01 (when normalized for viable cell number) by using a different detection method (47) . However, we cannot rule out the possibility that cyanide is produced by these strains on NGM or in infected nematodes. It remains to be determined what the mechanism(s) is for the rapid killing of nematodes by AU1054 on NGM.
Notably, several ST-40 or Midwest epidemic lineage strains differed from other ST-40 strains by exhibiting moderate nematode pathogenicity and antifungal activity. Three of the ST-40 strains and one closely related strain, AU2289 (no. 46; ST-249), exhibited very low nematode pathogenicity and did not differ significantly from the negative control, E. coli OP50, and also demonstrated poor antifungal activity. It is possible that these strains lost genes required for nematode pathogenicity and antifungal activity during infection of CF patients. Loss of on February 21, 2013 by PENN STATE UNIV http://aem.asm.org/ pathogenicity in these strains might be analogous to social cheaters that arise during P. aeruginosa infection of CF patients and are attenuated in virulence (49) . In contrast, strain CF72 (no. 38; ST-40) had high virulence (CSS ϭ Ϫ71) that was not significantly different from that of the control strain, P. aeruginosa PA14 (CSS ϭ Ϫ82). The variability in nematode virulence exhibited by some ST-40 strains is similar to that observed previously in Burkholderia (9) . The moderate nematode virulence exhibited by most ST-40 strains on NGM might be analogous to the slow killing of C. elegans by PA14 that requires infection of the nematode intestine (56) . Pathogenicity to multiple hosts might be a key factor contributing to the potential of B. cenocepacia strains to become opportunistic pathogens, as this characteristic is shared by other opportunistic pathogens, such as P. aeruginosa, which is commonly isolated from CF patients and exhibits pathogenicity to fungi, plants, nematodes, flies, and mice (16, 17, 25, 36, 43, 56) . Burkholderia spp. are also known to infect multiple hosts such as nematodes and insects (26, 50) . Common virulence factors are often employed and important for virulence in multiple hosts (56, 59) . The ability to interact with multiple hosts may contribute to the potential of an environmental microbe to function as an opportunistic pathogen by increasing the prevalence of the pathogen in the environment and, as a consequence, exposure to potential hosts and selection for virulence factors that function in multiple hosts.
In summary, our collection of B. cenocepacia IIIB strains appears to include two clusters of related strains-one primarily composed of onion agriculture isolates and pathogenic to onions, nematodes, and fungi, and another cluster composed primarily of CF isolates that lacked onion pathogenicity, but exhibited pathogenicity to nematodes and fungi. Some strains, including the CF isolate AU1054, were exceptionally pathogenic to nematodes on NGM. Future elucidation of genes required for pathogenicity and their distribution in B. cenocepacia strains should increase our understanding of the evolution of opportunistic and environmental pathogens.
